Abstract The natural rhythms of speech help a listener follow what is being said, especially in noisy conditions. There is increasing evidence for links between rhythm abilities and language skills; however, the role of rhythmrelated expertise in perceiving speech in noise is unknown. The present study assesses musical competence (rhythmic and melodic discrimination), speech-in-noise perception and auditory working memory in young adult percussionists, vocalists and non-musicians. Outcomes reveal that better ability to discriminate rhythms is associated with better sentence-in-noise (but not words-in-noise) perception across all participants. These outcomes suggest that sensitivity to rhythm helps a listener understand unfolding speech patterns in degraded listening conditions, and that observations of a ''musician advantage'' for speech-innoise perception may be mediated in part by superior rhythm skills.
Introduction
From the natural flow of conversation, to the complexities of bebop and Bach, rhythms guide our communication through sound. As we try to make sense of each new sentence we hear, we are not only processing the words themselves but the patterns of sound they create. Under challenging listening conditions, for example trying to hear a friend's voice in a noisy restaurant, the timing patterns of speech can provide important perceptual cues. Expertise with rhythmic processing, such as developed through musical practice, could potentially confer benefits for processing the rhythm and timing cues in speech. Several cross-sectional comparisons of musicians and non-musicians have revealed a musician advantage for perceiving speech in noise (Parbery-Clark et al. 2009 Swaminathan et al. 2015; Zendel and Alain 2012; Zendel et al. 2015) when groups are matched for key factors such as age, sex and IQ. Further, recent research from our laboratory and others has revealed links between rhythm abilities and various language skills, including reading (Gordon et al. 2015; Huss et al. 2011; Strait et al. 2011 ; Thomson and Goswami 2008; Tierney and Kraus 2013; Woodruff Carr et al. 2014) , suggesting that rhythm may play a role in the transfer from music to language processing (see also Shahin 2011) . However, the specific contribution of rhythm skills to speech-in-noise perception is unknown.
Speech-in-noise perception is not only important for everyday communication, but also provides an informative measure of integrated auditory function. Understanding speech in noise requires that multiple timescales of information are combined together in real time, from the millisecond details that differentiate consonants to the unfolding patterns of syllables and stress. Timing patterns are important for parsing the speech stream into meaningful units, for example durational patterns help identify the boundaries between words when listening in noise (Smith et al. 1989) . Temporal regularities can also help focus attention to points in time when meaningful information is most likely to occur and thereby maximize processing efficiency (Large and Jones 1999) , for example, it has been demonstrated that linguistic discrimination judgments are made more rapidly if the event aligns with the expected stress patterns of a speech stream (Quene and Port 2005) . Better targeted attention and more efficient processing may help to maximize comprehension when listening conditions are degraded.
Hearing in noise also requires a listener to separate the target signal from competing inputs. Temporal cues are important for grouping auditory features into objects, and segregating a complex soundscape into distinct streams, since sounds originating from a common source are likely to share temporal characteristics (Andreou et al. 2011; Shamma et al. 2011 ). In the case of fluctuating maskers or multiple talkers, the ability to detect patterns in the competing sound streams may help the listener to anticipate when ''dips'' will occur and focus attention accordingly. Sensitivity to temporal patterns may therefore be important not only in parsing the target signal, but in taking advantage of fluctuations in the competing elements of a complex auditory scene.
Musical practice involves attention to many of the same aspects of timing that are important for speech, although there are important differences in how speech and music are structured in time: While music is typically organized around a regular beat, speech rhythms emerge dynamically over the course of an utterance. Articulatory and grammatical constraints provide some degree of predictability in the resulting patterns of speech, and certain spoken formats such as poetry or group chanting can impose metrical structure (Port 2003) ; however, everyday utterances do not typically exhibit strict periodic structure (Martin 1972; Patel 2010) . Despite this difference, much of the expressive, communicative content in both live musical performance and natural speech is conveyed through the contrasting durations and subtle fluctuations of expressive timing within a phrase (Ashley 2002; Patel 2010) , suggesting that the ability to parse non-periodic timing features may provide an important bridge between music and speech perception (Cummins 2013; Patel 2010) . A recent research study revealed enhanced timing abilities in trained percussionists not only for musical rhythms but also for rhythms without a musical beat (Cameron and Grahn 2014) , suggesting that skills developed through musical practice could also transfer to the non-periodic rhythms of speech.
Speech-in-noise perception can be improved with computer-based training (Anderson et al. 2013; Song et al. 2011) , suggesting that this ability is malleable with experience. A recent random assignment assessment of group music instruction reveals improved speech-in-noise perception in elementary school children after 2 years of group music class (Slater et al. 2015) , indicating that the musician advantage observed in cross-sectional comparisons is not simply a result of preexisting differences between those who choose to pursue music training and those who do not. However, recent studies have reported either inconsistent (Fuller et al. 2014) or null (Boebinger et al. 2015; Ruggles et al. 2014 ) effects when comparing speech-in-noise perception in groups of musicians and non-musicians. For example, the Boebinger study set out to disentangle potential underlying mechanisms by assessing speech perception in a variety of maskers, yet did not find a musician advantage in any of the conditions. Beyond the characteristics of the stimuli and masking conditions, another possible contributing factor in the mixed experimental outcomes with musician versus non-musician comparisons may be that musical practice takes many forms, and it is still unknown which particular components of musical experience or expertise may confer advantages for speech perception. Even within categories such as classical or jazz performance, there is great variety in teaching approaches (e.g., learning to play from a score vs. learning to play by ear) that may influence the development of specific aspects of musical competence, such as rhythm perception and auditory memory. The same Boebinger study that failed to replicate a musician advantage for speech-in-noise perception also reported that musicians did not differ from nonmusicians in duration discrimination, whereas previous studies have demonstrated enhanced duration discrimination in musicians (Jeon and Fricke 1997; Rammsayer and Altenmüller 2006) , including a study with 2-to 3-yearolds engaged in informal musical activities in the home, which revealed larger neural responses to durational changes with more musical engagement (Putkinen et al. 2013) . Given the relevance of durational patterns to speech perception, this provides an example of how differences in specific aspects of training and musical practice could influence the extent of skill transfer from music to speech processing and contribute to mixed outcomes in cross-sectional studies comparing musicians and non-musicians.
In the present study, we depart from the musician versus non-musician dichotomy to focus on the specific role of rhythm discrimination in the perception of speech in noise. We assess speech-in-noise perception, musical competence (rhythmic and melodic) and auditory working memory performance in young adult percussionists, vocalists and non-musicians, with the goal of assessing relations between speech-in-noise perception and distinct aspects of musical competence across a range of musical abilities. Although rhythm is integral to musical activity regardless of instrument, previous research indicates that type of musical expertise does have some effect on temporal processing abilities. For example, percussionists outperform non-percussion instrumentalists in the perception of single time intervals (Cicchini et al. 2012 ) and in the reproduction of both beat-based and non-metric rhythms (Cameron and Grahn 2014) , and jazz musicians show specialized neural processing of rhythm, including recruitment of left-hemisphere brain regions typically involved in linguistic processing (Herdener et al. 2014; Vuust et al. 2005) , as well as more robust responses to rhythmic deviations than musicians who play other musical styles (Vuust et al. 2012) . We therefore expected that our group of percussionists and drummers would show a relative strength in rhythm skills compared with the vocalists, due to the greater emphasis on rhythm in their musical practice. Our two musician groups had comparable amounts of musical experience and differed only with respect to their primary instrument.
We hypothesized that sensitivity to temporal patterns aids in the perception of speech in noise and can be strengthened by musical experience. We predicted that better performance on a rhythm discrimination test would relate to better perception of sentences in noise, but not words in noise.
Methods Participants
Participants were 54 young adult males, aged 18-35 years and split into three groups: non-musicians (n = 17), vocalists (n = 21) and percussionists (n = 16). Musician participants (percussionists and vocalists) had been actively playing for at least the past 7 years with either drums/percussion or vocals as their primary instrument, based on self-report. Non-musician participants had no more than 3 years of musical experience across their lifetime, with no active music making within the 3 years prior to the study. All participants completed an audiological screening at the beginning of the testing session (pure tone thresholds at octave frequencies 0.125-8 kHz) and had normal hearing (any participant with thresholds above 25 dB nHL for more than one frequency in either ear did not continue with further testing). The three groups did not differ on age, IQ, as measured by the Test of Nonverbal Intelligence (TONI) (Brown et al. 1988) , and the percussionist and vocalist groups did not differ with regard to years of musical experience or age of onset of musical training (see Table 1 ).
Testing

Musical competence
The Musical Ear Test (MET) (Wallentin et al. 2010 ) uses a forced choice paradigm in which participants are presented with pairs of musical phrases and asked to indicate whether they are the same or different. There are 52 pairs of melodic phrases and 52 pairs of rhythmic phrases that vary greatly in level of difficulty such that performance is well distributed across a wide range of musical experience. The percentage of correct responses was calculated for each subtest, and a total score was also calculated as the average of the two subtest scores.
Speech-in-noise perception
Two standard clinical measures of speech-in-noise perception were used to measure the perception of both sentences and words in noise. Both were presented binaurally through insert earphones (ER-2; Etymotic Research). The Quick Speech-in-Noise Test (QuickSIN; Etymotic Research) (Killion et al. 2004 ) is a non-adaptive test of sentence perception in four-talker babble. Sentences are presented at 70 dB SPL, with the first sentence starting at a signal-to-noise ratio (SNR) of 25 dB and with each subsequent sentence being presented with a 5 dB SNR reduction down to 0 dB SNR. The sentences, which are spoken by a female, are syntactically correct yet have minimal semantic or contextual cues (Wilson et al. 2007 ). Participants repeat each sentence (e.g., ''The square peg will settle in the round hole''), and their SNR score is based on the number of correctly repeated target words. For each participant, four lists are presented, with each list consisting of six sentences with five target words per sentence. Each participant's final score, termed ''SNR loss,'' is calculated as the average score across each of the four administered lists. A more negative SNR loss is indicative of better performance on the task. Words in noise (WIN) is a non-adaptive test of speechin-noise perception in four-talker babble noise (Wilson et al. 2007) . Single words are presented following a carrier phrase, ''Say the word…'' and participants are asked to repeat the target words, one at a time. Thirty-five words are presented at 70 dB SPL with a starting SNR of 24 dB, decreasing in 4 dB steps until 0 dB with five words presented at each SNR. Each subject's threshold was based on the number of correctly repeated words, with a lower score indicating better performance.
Auditory working memory
Auditory working memory (AWM) was assessed using the Woodcock Johnson III Test of Cognitive Abilities Auditory Working Memory subtest (Woodcock et al. 2001) . Participants listened to a series of intermixed nouns and digits presented on a CD player and were asked to repeat first the nouns and then the digits in their respective sequential orders (e.g., the correct ordering of the following sequence, ''4, salt, fox, 7, stove, 2'' is ''salt, fox, stove'' followed by ''4, 7, 2''). Age-normed standard scores were used for all statistical analyses. Three participants did not complete this test due to time constraints.
All procedures were approved by the Northwestern Institutional Review Board. Participants provided written consent and were compensated for their time.
Results
Better performance on the musical competence rhythm subtest was associated with better performance on the QuickSIN across all participants (r = -0.285, p = 0.037, see Fig. 1 ). There was no relationship between melodic competence and QuickSIN (r = -0.150, p = 0.278). The ability to perceive words in noise (WIN) did not relate to either rhythmic or melodic competence (both p [ 0.7).
The combined musician group outperformed the nonmusician group on the QuickSIN test of sentence-in-noise perception (F (52,1) = 4.321, p = 0.043). Post hoc pairwise comparisons between the three groups revealed that the percussionists significantly outperformed the non-musicians (mean difference: 0.638 dB/SNR, p = 0.045, see Fig. 2 ), whereas the vocalists did not differ significantly from either group (p [ 0.3).
The musician group also outperformed the non-musician group on the musical competence test (melody subtest: F (52,1) = 24.213, p \ 0.001; rhythm subtest: F (52,1) = 29.233, p \ 0.001; total score: F (52,1) = 36.167, p \ 0.001) and on the test of auditory working memory (F (49,1) = 4.929, p = 0.031).There was no difference between musicians and non-musicians in their performance on the WIN (words-in-noise) test (F (52,1) = 1.204, p = 0.278). The percussionist and vocalist groups did not differ in their performance on the musical competence test (rhythm or melody subtests), speech-in-noise perception (words or sentences) or auditory working memory (p [ 0.3 for all pairwise comparisons). 
Comparison of percussionists versus vocalists
To further investigate the impact of primary instrument, we performed two additional sets of repeated measures analyses including only the musician groups. First, we assessed the effect of musician type on melody versus rhythm subtest performance, covarying for years of musical practice. This revealed an interaction between musician type and music subtest (RMANOVA musician group x subtest: F (34,3) = 5.608, p = 0.024, see Fig. 2 ), with percussionists performing relatively better on the rhythm versus melody subtest and vocalists performing relatively better on melody versus rhythm. There was also a main effect of years of musical practice (F (34,3) = 4.222, p = 0.048). Secondly, we asked whether musician type influences relative performance on the perception of sentences versus words in noise. This analysis revealed a significant interaction between musician type and speech-in-noise test (RMA-NOVA musician group x SIN test: F (35,2) = 4.302, p = 0.045), with the percussionist group performing relatively better on the QuickSIN than the WIN, compared with the vocalists.
Auditory working memory
Given there is an auditory working memory component to the musical competence tests and previous work has implicated auditory working memory as an important factor in speech-in-noise perception Parbery-Clark et al. 2009 ), we also assessed correlations between auditory working memory, the musical competence subtests and speech-in-noise performance. We found that auditory working memory correlated with rhythm competence (r = 0.361, p = 0.009), but not with melody competence (r = 0.116, p = 0.417). However, the relationship between QuickSIN performance and auditory working memory was not significant in this dataset (r = -0.207, p = 0.145), suggesting that the relationship between rhythm discrimination and speech-in-noise perception was not simply driven by auditory working memory.
Discussion
We provide the first evidence for a relationship between rhythm discrimination and the ability to perceive sentences in noise. Making sense of a novel speech pattern involves complex temporal processing and may engage similar processes to those involved in the perception and production of musical phrases. Musical practice with a focus on rhythmic skills may therefore increase sensitivity to timing patterns that are important for speech perception, and improve the ability to perceive speech under degraded listening conditions. Rhythm perception may contribute to the perception of speech in noise in various ways. Accurate encoding of durational patterns not only helps to identify word boundaries in noise (Smith et al. 1989 ), but may also help to narrow the range of possible word sequences to those that match the perceived rhythmic pattern. Further, rhythm skills have been shown to predict a significant amount of individual variance in grammatical abilities in children (Gordon et al. 2015) . It is therefore plausible that rhythm serves as a kind of proxy for grammatical processing: A rhythm pattern may imply a certain grammatical structure, allowing candidate word sequences to be eliminated if they do not fit that grammatical template. There is also neural Fig. 2 a Percussionists/drummers are better at perceiving sentences in noise than non-musicians. b The percussionists/drummers show an advantage for the rhythm versus melody subtest, and vocalists show an advantage for melody versus rhythm subtest, although these two groups do not differ in their average scores (*Significant interaction between musician type and musical subtest at p \ 0.05. Nonmusicians perform significantly worse on both subtests and were excluded from the repeated measures ANOVA; their mean scores are displayed for reference)
Cogn Process (2016) 17:79-87 83 evidence that temporal regularity in speech influences both syntactic and semantic processing (Roncaglia-Denissen et al. 2013; Rothermich et al. 2012; Schmidt-Kassow and Kotz 2009) , and a greater sensitivity to temporal patterns may bootstrap these higher levels of linguistic processing. These previous findings are consistent with the lack of relationship between rhythm discrimination and the perception of words in noise observed in the present study. The words-in-noise (WIN) test sets up a very clear temporal expectation by presenting a consistent carrier phrase: ''Say the word...'', followed by the target word. However, this format does not provide any timing cues that would help disambiguate the target word itself, since there is no variation in grammatical structure, context or prosodic characteristics that could aid in the identification of a monosyllabic target word. There are important differences between the temporal characteristics of speech and music, such as the absence of a steady beat in everyday speech. However, there is evidence for some overlap in the neural circuitry involved in perceiving speech and music, particularly with respect to rhythm and pattern processing (for example, see Patel 2011; Patel and Iversen 2014). Brain regions typically associated with movement and motor planning have been implicated in rhythmic processing (see Grahn 2012 for review), even in the absence of any overt movement (Chen et al. 2008) . Similarly, input from the motor systems involved in speech production may also inform predictions about an incoming speech stream (Davis and Johnsrude 2007) , since characteristics of the human vocal mechanism place inherent constraints on the sound sequences likely to be generated in the course of a typical human utterance. It has been proposed that the auditory-motor connections that evolved in conjunction with vocal production for language may also have enabled certain aspects of rhythmic processing that are typically found only in humans and other vocal learning species, such as the ability to synchronize to a beat (Patel and Iversen 2014) . Although the present findings cannot speak directly to the involvement of motor systems in mediating the connections between rhythmic processing and speech perception, recent work reveals increased recruitment of the motor system when listening in adverse conditions, suggesting the motor system may help to compensate for impoverished sensory representations in noise (Alain and Du 2015) .
It has been proposed that tracking of temporal regularities in both speech and music relies on the entrainment of neural oscillators (Bastiaansen and Hagoort 2006; Giraud and Poeppel 2012; Harle et al. 2004; Large and Snyder 2009; Nozaradan et al. 2012; Peelle and Davis 2012) . The ability to perceive speech in noise may be supported by the synchronization of low-frequency cortical activity to the slow temporal modulations of speech, which results in a background-invariant neural representation of the speech signal (Ding and Simon 2013) , and motor regions of the brain, such as the basal ganglia, also play a critical role in the coordination of this oscillatory neural activity ). Further investigation into the rhythms of music and speech may provide invaluable insight into these deeper mechanisms of neural synchrony, which not only underlie motor planning but also facilitate the exquisite choreography of real-time communication.
Previous research has suggested that frequency discrimination could be a contributing factor in the musician advantage for speech-in-noise perception (Parbery-Clark et al. 2009 ), and it is perhaps surprising that melodic discrimination did not relate to speech-in-noise perception in the present study. Interestingly, a recent study demonstrated enhanced pitch perception in musicians yet did not observe any advantage for speech-in-noise perception (Ruggles et al. 2014) . A study with amusic Mandarin speakers revealed that amusics performed worse than normal participants on a speech intelligibility task in both quiet and noise (Liu et al. 2015) , yet this disadvantage for speech perception was unrelated to performance on a pitch perception task. Further, the disadvantage was observed even when the pitch contour of the target sentence was flattened, suggesting that the speech perception deficit in amusics was not due to impaired processing of the pitch contour. Rather, the results led the authors to deduce that the deficit may be due to difficulties segmenting speech elements, consistent with previous research associating amusia with impaired segmental processing (Jones et al. 2009 ), and providing further support for the importance of timing cues for perceiving speech in noise. Another recent study that was unable to replicate the musician advantage for speech-in-noise perception also reported that the musician and non-musician groups did not differ in their ability to discriminate durations (Boebinger et al. 2015) , in contrast to previous studies showing enhanced duration discrimination in musicians (Jeon and Fricke 1997; Rammsayer and Altenmüller 2006) . It therefore seems conceivable that some of the inconsistency in outcomes across studies comparing musicians and non-musicians in their ability to perceive speech in noise could be due to variations in rhythmic expertise in the musician groups, given the great diversity of musical training and practice styles, and their differing degrees of emphasis on rhythm skills.
Working memory has also been implicated as an important factor for speech-in-noise perception Parbery-Clark et al. 2009 ). Although working memory performance tracks with rhythm (but not melody) competence in the present study, it is not correlated with speech-in-noise performance. These findings indicate that the relationship between rhythm discrimination and speech-in-noise perception is not simply driven by working memory capacity. However, the lack of relationship between working memory performance and melody discrimination suggests that processing rhythm patterns places additional demands on working memory, beyond simply retaining two phrases in memory to compare them (which is required in both the rhythm and melody subtests, but also reflects the challenge of storing temporal sequences, since this aspect was only present in the rhythm test (the melodic phrases were identical with respect to note durations). Further research is needed to disentangle these relationships between working memory, rhythm processing and speech perception, and how they may be shaped by musical experience.
The present study investigates common mechanisms involved in rhythm processing and speech-in-noise perception, through the lens of musical expertise. We interpret our findings within a framework of experience-based plasticity, consistent with the accumulating body of research demonstrating that musical experience shapes neural and cognitive function (for review, see Kraus and White-Schwoch in press). However, given the cross-sectional design of this study, we are limited in the conclusions that can be drawn regarding causal effects of music training or primary instrument, since there may be preexisting differences between individuals who choose to play music versus those who do not, or between those who choose to sing versus those who choose to play drums or percussion. There is evidence of differential effects of chosen instrument on brain function that are unlikely to exist prior to training, such as more robust neural responses to the timbre of an individual's instrument (Pantev et al. 2001; Strait et al. 2012) ; on the other hand, there is evidence highlighting the contribution of factors such as genetics and personality traits to musical practice habits and resulting expertise (Butkovic et al. 2015; Mosing et al. 2014; Schellenberg 2015) . Therefore, it is likely that both nature and nurture contribute to the shaping of musical and linguistic capabilities in a given individual. Although we cannot draw conclusions about causal effects of training from this study, outcomes provide an important step toward identifying the specific aspects of musical practice that may be of particular relevance to understanding speech in noise. Longitudinal evidence supports the potential for music training to improve speech-in-noise perception (Slater et al. 2015) ; however, comparisons of musicians and non-musicians have yielded mixed results and the diversity of musical experience may well be a factor in these inconsistent outcomes. The specific importance of rhythm in language processing is reflected in the success of intervention studies using rhythm-based training to strengthen reading skills (Bhide et al. 2013; Overy 2000 Overy , 2003 , as well as evidence suggesting that the benefits of melodic intonation therapy for improving speech production in aphasic patients may in fact be attributed to rhythmic aspects of the therapy (Stahl et al. 2011 ). The present findings provide a basis for investigating the potential benefits of rhythm-based training to strengthen other important communication skills, such as the perception of speech in noise.
In conclusion, rhythm and timing cues are important for the perception of novel speech patterns in degraded listening conditions. Superior rhythm skills track with better performance on a standard clinical test of sentence-in-noise perception, suggesting that rhythm skills developed through regular musical practice may confer benefits for speech processing. Further, primary instrument may influence the development of rhythmic versus melodic competence, although further research is necessary to disentangle the effects of experience-based plasticity versus inherent differences that could lead an individual to be drawn to one instrument over another, as well as other factors such as the impact of learning and playing styles (e.g., reading from a score vs. improvising, playing with others vs. playing alone). There is much still to be understood about how different aspects of temporal information are tracked and integrated by the nervous system during the perception of speech and other communication signals. Future research should continue to explore the role of distinct aspects of rhythm processing in speech perception, with particular regard to natural stimuli that may not exhibit strict periodic structure but which do, nonetheless, contain predictable patterns over time.
